Abstract-Recent pinniped die-offs have led to the speculation that persistent organic pollutants (POPs) are immunomodulatory, making individuals more susceptible to viral infections. Eighteen healthy harbor seal (Phoca vitulina) pups (aged 3-4 weeks) were live-captured from southern British Columbia, Canada, and maintained temporarily in captivity for an immunotoxicological assessment. The relationships between mitogen-induced peripheral blood lymphocyte proliferation and blubber concentrations of three major immunotoxic POP classes (the polychlorinated biphenyls [PCBs], polychlorinated dibenzo-p-dioxins [PCDDs], and the polychlorinated dibenzofurans [PCDFs]) were evaluated. A significant body weight-independent positive correlation was observed between both T-cell mitogen (phytohemagglutinin [PHA])-and B-cell mitogen (lipopolysaccharide [LPS])-induced lymphocyte proliferation and the blubber concentrations of total PCB. Best subset regression analysis revealed that total PCBs, and not total PCDD or total PCDF, explained 24 and 29% of the changes in both T-cell mitogen-and B-cell mitogen-induced lymphocyte proliferation, respectively. Further regression analysis performed on the PCB classes measured in this study showed that di-ortho PCBs accounted for 25 and 30% of the changes in both T-cell and B-cell lymphocyte proliferation, respectively. Results suggest that POPs, and PCBs in particular, are associated with changes in lymphocyte proliferation, something that could result in increased susceptibility to infections in harbor seal pups. Further research is needed to evaluate the relative roles of natural and contaminantrelated influences on the immune system of marine mammals.
INTRODUCTION
Persistent organic pollutants (POPs) consist of a wide variety of anthropogenic environmental contaminants often found at high concentrations in high trophic level wildlife, including marine mammals. Of particular concern are the polychlorinated biphenyls (PCBs), the polychlorinated dibenzop-dioxins (PCDDs), and the polychlorinated dibenzofurans (PCDFs), which have been associated with immunotoxicity and endocrine disruption in numerous studies of laboratory animals and wildlife [1, 2] . Such compounds are very stable in the environment, and persist for long periods after their production, use, and release [3] . Due to their general inertness, thermal stability, resistance to acids and alkalis, low water solubility, and high solubility with organic solvents, PCBs were used in a variety of commercial applications [4] . Both PCDDs and PCDFs never were produced intentionally for any commercial use, but occur as unintentional byproducts from PCB-containing electrical equipment fires, domestic combustion, the elemental chlorine-bleaching process at pulp and paper mills, and municipal solid waste incineration [5, 6] . Through inappropriate storage, direct dumping, and accidental releases, PCBs, PCDDs, and PCDFs have made their way into the environment, resulting in global contamination predominately through atmospheric distribution.
Evidence indicates that some free-ranging populations of marine mammals inhabiting industrialized areas have suffered from the adverse health effects of POPs. Although mechanistic linkages are exceedingly difficult to document in studies of wildlife, a weight-of-evidence from carefully controlled laboratory animal studies using single and multiple chemical exposures, captive feeding studies of seals, and epidemiological studies in free-ranging marine mammals, support the idea that POPs do indeed cause adverse effects in marine mammals [7] . In many cases, the PCBs appear to represent a significant risk, having been found at relatively high concentrations in populations of marine mammals around the world. Although it is not possible to distinguish readily between the effects of different contaminants in affected populations, total PCB concentrations and total dioxin-like potencies (as measured through a summation of dioxin-like activity of PCBs, PCDDs, and PCDFs) can be used as correlates to evaluate POP-related effects. The immunotoxic effects of these and other POPs need further assessment in order to better characterize the mechanistic relationship between environmental contaminants and the health of marine mammal populations.
Since the late 1980s, a number of mass mortalities of cetaceans and pinnipeds have been caused by different morbilliviruses, including phocine distemper virus, dolphin morbillivirus, and canine distemper virus [8] . The locations of the die-offs often coincided with areas of high industrial activity, including the eastern U.S. seaboard, the Gulf of Mexico, northwestern Europe, and the western Mediterranean Sea [8] . It has been speculated that contaminant-induced immunosuppression played a major role in these epizootics, ultimately contributing to the deaths of tens of thousands of seals, dolphins, and porpoises [9, 10] . Both in vitro and in vivo studies have found selected POPs, including PCBs, PCDDs, and PCDFs, to be immunotoxic to marine mammals [1, 11] .
Legal, ethical, and logistical constraints often limit immunotoxicological studies in marine mammals, and age, condition, and species-specific sensitivities are some of the confounding factors that must be considered when designing studies and interpreting results.
As part of a broader effort to study the effects of organochlorine contaminants on harbor seals, this study was designed to investigate the relationships between the levels of PCBs, PCDDs, and PCDFs and the in vitro proliferation of peripheral blood lymphocytes using mitogens previously shown to stimulate T and B lymphocytes in harbor seals (Phoca vitulina) [12] . This is the first study to investigate the association between POP concentrations in free-ranging harbor seals and changes in lymphocyte proliferation.
MATERIALS AND METHODS

Animals
Eighteen harbor seal pups estimated to be three to four weeks old, were captured alive from Boundary Bay (BC, Canada), on August 17 to 18, 2000, by the Canadian Department of Fisheries and Oceans as part of a study to determine the effects of persistent organic pollutants on harbor seals in British Columbia. The seals were captured using a seine net method as described elsewhere [13] .
Sample collection
Blood was collected from the extradural vein 1 d after the live capture, following cleansing of the skin with betadine, hibitane, and isopropyl alcohol. Blood was collected using a Vacutainer system and 10 ml heparinized blood tubes (Vacutainer, Becton Dickinson, Franklin Lakes, NJ, USA) [14] . The blood was kept on ice while transported to the laboratory. Blubber biopsies were collected by methods described previously [14] . Blubber samples were stored at Ϫ80ЊC until analysis.
Preparation of mononuclear cells
Harbor seal whole blood was centrifuged at 220 g for 10 min and the buffy coat was resuspended in Dulbecco's modified eagle medium ([DMEM], Gibco BRL, Grand Island, NY, USA) supplemented with 1 mM sodium pyruvate, 100 M nonessential amino acids, 25 mM N- piperzine-NЈ-[2-ethanesulfonic acid], 2 mM L-glutamine, penicillin (100 U/ml), streptomycin (100 g/ml) (all from Gibco BRL), and 10% fetal bovine serum (Hyclone, Logan, UT, USA), hereafter referred to as complete DMEM. Peripheral blood mononuclear cells then were isolated by density gradient centrifugation on Ficoll-Paque (Amersham Pharmacia Biotech, Uppsala, Sweden) for 20 min at 720 g at room temperature. Peripheral blood mononuclear cells were washed twice, resuspended in complete DMEM, and viable cells enumerated using the exclusion dye trypan blue. an optimal concentration of 1.0 g/ml and a suboptimal concentration of 0.1 g/ml were used for ConA and PHA. An optimal concentration of 100 g/ml and a suboptimal concentration of 0.2 g/ml were used for LPS. The use of a suboptimal concentration of mitogens proved useful in bottlenose dolphins [15] and was found to increase sensitivity while maintaining the specificity upon assessment of the immunotoxic effects of organochlorines in our laboratory (S. De Guise et al., University of Connecticut, Storrs, CT, USA, unpublished data). For each seal, 2 ϫ 10 5 lymphocytes were cultured in flat-bottom 96-well tissue culture plates (Falcon, Becton Dickinson, Franklin Lakes, NJ, USA) in triplicate with suboptimal and optimal concentrations of each mitogen, as well as without mitogen. The cells were cultured for 66 h at 37ЊC with 5% CO 2 and 5-bromo-2'-deoxyuridine (BrdU), a thymidine analog, was added for the last 18 h. The cell proliferation enzymelinked immunosorbent assays, BrdU (colorimetric; Roche, Mannheim, Germany) assay was used to quantify proliferation as the incorporation of BrdU as per manufacturer's instructions. Plates were read with a SPECTRAmax 250 Microplate spectrophotometer using Softmax Pro 1.1 software (Molecular Devices, Sunnyvale, CA, USA). Lymphocyte proliferation was expressed as a stimulation index, calculated as the ratio of the proliferation of stimulated cells to that of cells cultured without mitogen.
Cell culture
Congener-specific PCB, PCDD, and PCDF analysis
Approximately 0.1 to 0.2 g of blubber was analyzed for lipid content and congener-specific PCBs, PCDDs, and PCDFs after a dichloromethane-hexane extraction. Samples were analyzed for PCDDs, PCDFs, di-ortho (DO)-, mono-ortho (MO)-, and non-ortho (NO)-PCBs using high-resolution gas chromatography/high-resolution mass spectrometry. Details on the chromatographic and mass spectrometric conditions used, the criteria used for identification and quantification of congener concentrations, and the quality assurance/quality control protocol are described elsewhere [16] . Results are expressed on a lipid weight basis.
Total toxic equivalents (TEQ) to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) were calculated for all dioxin-like PCBs, dioxins, and furans using the international toxic equivalency factors [17] . Dioxin-like congeners included non-ortho PCBs 77, 126, and 169; the mono-ortho PCBs 105, 114, 118, 123, 156, 157, 167, and 189; the seven 2,3,7,8 Cl-substituted dioxins; and the ten 2,3,7,8 Cl-substituted furans.
Statistics
Statistical analysis was performed with SAS version 8.01 (SAS Institute, Cary, NC, USA), using p Ͻ 0.05 for significance. Best subset regression was performed to evaluate the relationship between contaminant concentrations and any associated changes in lymphocyte proliferation. This analysis determines which subset of independent variables (organochlorine contaminants) best contribute to predicting the dependent variable (stimulation index). Table 1 summarizes blubber concentrations (ng/kg lipid) and TEQ contributions (ng TEQ/kg lipid) for total PCBs, total PCDDs, and total PCDFs. The contaminants found at the highest concentration were PCBs, followed by PCDD and PCDF. Polychlorinated biphenyls contributed 75%, followed by PCDD contributing 22%, and PCDF contributing 3% of the TEQs.
RESULTS
Contaminant concentrations in seal blubber
Body weight and contaminant concentrations
A significant negative correlation existed between body weight (an approximate indicator of age) and both total PCBs and PCDD TEQs (Fig. 1) . No significant correlations existed between body weight and total PCDDs, total PCDFs, PCDF TEQs, PCB TEQs, or total TEQs.
Mitogen-induced lymphocyte proliferation
Lymphocyte proliferation was greatest upon stimulation with ConA, followed by PHA and LPS (data not shown). The same was true for both optimal and suboptimal concentrations of all mitogens.
Associations between lymphocyte proliferation and contaminant concentrations
Significant positive correlations existed between total PCB concentration and mitogen-induced lymphocyte proliferation using both suboptimal PHA (0.1 g/ml) and suboptimal LPS (0.2 g/ml; Fig. 2) . No significant correlations existed between lymphocyte proliferation using optimal or suboptimal concentrations of ConA, PHA, or LPS, and total PCDD, total PCDF, PCB TEQs, PCDD TEQs, PCDF TEQs, or total TEQs. In addition, no significant correlations existed between any mitogen-induced lymphocyte proliferation and body weight (Fig.  3) . Hereafter, references to PHA and LPS will relate to suboptimal mitogen concentrations.
Regression analysis
Best subset regression revealed that total PCBs accounted for 24.6% (r 2 ; p ϭ 0.04) of the change in PHA-induced lymphocyte proliferation. Total PCB concentration and total PCDF concentration accounted for 38.8% (r 2 ; p ϭ 0.03) of the change in LPS-induced lymphocyte proliferation.
Knowing that total PCB concentrations were associated significantly with both PHA-and LPS-induced lymphocyte proliferation, the effects of the three PCBs categories (MO, and NO) measured in this study, also were investigated. Best subset regression revealed that DO PCBs explained 25.3% (r 2 ; p ϭ 0.03) of the variation in PHA-induced lymphocyte proliferation and DO PCB explained 30.2% (r 2 ; p ϭ 0.02) of the variation in LPS-induced lymphocyte proliferation.
DISCUSSION
The relatively high concentrations of PCBs found in high trophic level wildlife, and the immunotoxic potency of the PCBs, dioxins, and furans, highlight the potential risk of these three major POP classes of concern to the health of marine mammals. The immunomodulatory effects of POPs observed in a semifield study of harbor seals largely were ascribed to the PCBs [1, 18] , something that was corroborated by carefully controlled parallel studies in laboratory animals [19] . However, the effects of POPs on free-ranging marine mammals are understood poorly. This is the first report to demonstrate an association between mitogen-induced lymphocyte proliferation and blubber concentrations of POPs resulting from environmental exposure in free-ranging harbor seals.
Few studies have investigated the effects of pollutants on the immune system of marine mammals, reflecting some of the inherent limitations associated with such research. For example, sampling of free-ranging animals is limited by the logistical constraints of capture. Thereafter, the nature of the sample to be obtained is limited by the invasiveness of the technique and the limitations of the procedures allowed on species that often are highly protected. Confounding factors, such as condition, disease, nursing, or fasting, may influence immune functions independent of contaminant concentrations, thereby limiting the direct ability to detect the effects of contaminants on the immune system. Nevertheless, field studies do allow the opportunity to study the direct and indirect effects of real-world exposures to POPs on the immune system when confounding factors are minimized.
Several POPs have been shown to affect adversely both cell-mediate and humoral immune responses in laboratory animals. Dioxin (2,3,7,8-TCDD) is well known to induce thymic atrophy in mammals [20] , and PCBs have caused lymphoid depletion in chicks [20] . In vitro and in vivo oral exposure to Aroclor 1254 (Monsanto, St. Louis, MO, USA) reduced natural killer cell activity in rats [21, 22] . After chronic oral exposure to Aroclor 1254, significant suppression of the plaque-forming cell response (both IgM and IgG) to sheep red blood cell was observed in rhesus monkeys [23] . Balb/c mice fed Aroclor 1242 resulted in reduced antibody synthesis to sheep red blood cell, lower concentrations of serum IgA, increased sensitivity to gram-negative endotoxin (Salmonella typhosa), and decreased resistance to a malaria challenge [24] .
With regards to marine mammals, several examples exist of associations between exposure to pollutants and effects on immune function. Decreased lymphocyte responses in freeranging bottlenose dolphins were associated with increased concentrations of PCBs and DDT in peripheral blood [25] . In the blood plasma from polar bears (Ursus maritimus) caught at Svalbard, IgG was correlated negatively with the sum of quantified PCBs (⌺PCB) level and with three individual PCB congeners (99, 194, and 206) [26] . Only limited cause-andeffect evidence exists that demonstrates the immunomodulatory effects of pollutants on immune functions in marine mammals. In a semifield-controlled feeding study [1] , two groups of harbor seals were fed herring (Clupea harengus) from the relatively uncontaminated Atlantic Ocean or from the contaminated Baltic Sea. The harbor seals fed the contaminated herring accumulated approximately three times more total TEQs than harbor seals fed uncontaminated herring; most of the TEQs were due to PCBs. Seals fed Baltic Sea herring showed changes in immune functions, including decreased natural killer cell activity, T lymphocyte proliferation, and delayed-type hypersensitivity, compared to the seals fed less-contaminated herring. Concanavalin A-induced lymphocyte proliferation in bottlenose dolphins was reduced significantly upon in vitro exposure to mixtures of dibutyltin with either coplanar PCB 77 or 126 [27] . In vitro exposure to a mixture of PCB congeners 138, 153, and 180 (5 ppm each) significantly reduced beluga whale (Delphinapterus leucas) splenocyte proliferation, but not the mixture of congeners 138, 153, 180, and 169 (5 ppm each) or the individual congeners alone, which suggested possible antagonistic/synergistic interactions with simple mixtures of POPs [11] .
In the present study, a significant negative correlation was found between body weight (an approximation of age) and contaminant concentrations measured in seal blubber. Pinniped females transfer organochlorines to their offspring during gestation and lactation, resulting in relatively high levels in newborn pups [28] . At the time of blubber sampling, our study seals had been nursing for approximately three to four weeks, something that is known to result in a growth dilution of the pup's original blubber POP concentration [29] , which likely explains our observed contaminant-body weight relationships.
Significant positive correlations between contaminant concentrations and lymphocyte proliferation in our study seals were observed only at the suboptimal mitogen (PHA and LPS) concentrations. These findings suggest that using suboptimal concentrations of mitogens may be an important part of immunotoxicological studies. In other words, an optimal mitogen signal may induce lymphocyte proliferation that would mask a subtle contaminant-induced modulatory signal. Although one may expect immunosuppression following exposure to contaminants, immunostimulation also has been demonstrated in laboratory animals. Rats fed Aroclor 1254 for 7 d showed a significant increase in lymphocyte response to PHA [30] . Lowlevel PCB exposure in Fischer rats after 15 weeks of dosing increased lymphoproliferative response to PHA [22] .
The extent to which age or contaminants affected seal lymphocyte proliferation was of particular concern. The immune system of many mammalian newborns is not fully developed, and newborns require passive transfer of antibodies for early protection against infections. However, harbor seal pups (1-10 d old) previously have been shown to be immunocompetent, because they demonstrated an in vivo antibody response to immunization with an inactivated rabies vaccine and by strong in vitro lymphocyte proliferation responses to mitogens (ConA, PHA, and pokeweed mitogen), suggesting an evolutionary adaptation to its short nursing period (ϳ24 d) and limited maternal care [31] . In our study, the use of harbor seals of approximately three to four weeks of age, which presumably would have developed a competent immune system, should have eliminated age as a cofactor affecting lymphocyte proliferation. Within this window of age, indeed, no significant correlation existed between body-weight and mitogen-induced lymphocyte proliferation (all mitogens and both concentrations), suggesting that contaminants, rather than age, influenced changes in proliferation in our study.
Our study suggests that free-ranging harbor seal pups may experience a period of POP-associated immunostimulation at the relatively low-dose range measured; the outcome following chronic exposure (i.e., older seals) or in more contaminated seal pups may be different. Although the observed increase in proliferation with increasing concentrations of PCBs contrasts the results of some studies [25, 32, 33] , any contaminant-related modulation of the immune function is of concern. A continuously stimulated cell in the absence of a secondary signal could undergo apoptosis or become anergic, limiting its ability to respond to a real stimulus. We were unable to determine whether a specific lymphocyte subpopulation was affected, because harbor seal-specific reagents are unavailable.
Changes in lymphocyte proliferation were associated with PCBs, rather than PCDDs, PCDFs, or TEQs. Our results might suggest that the threshold for immunomodulatory effects of contaminants in harbor seals are lower than previously reported (16.5 mg/kg PCBs) [1] . In our study, the total mean PCB concentration in seals (2.5 mg/kg) was lower than the levels measured in the control group from the captive seal study (6.9 mg/kg). If true, this might be because young (developing) seals are more sensitive to the immunotoxic effects of contaminants, or that the time-course of immunomodulation may differ as a consequence of a combination of age-related changes to immune system and exposure variables.
To further elucidate which POP class best explained the changes in lymphocyte proliferation, best subset regression was used. Of the three contaminant classes measured in this study (PCB, PCDD, and PCDF), total PCB and total PCDF were associated significantly with PHA-and LPS-induced lymphocyte proliferation. This agrees with the correlation between total PCB and lymphocyte proliferation (Fig. 2) .
Of the three categories of PCBs measured (MO, DO, and NO PCBs), the DO PCBs explained the greatest variation in both PHA-and LPS-induced lymphocyte proliferation. In general, dioxin-like PCBs, such as NO PCB and MO PCB, interact with the cytosolic aryl hydrocarbon (Ah) receptor, resulting in transcription of cytochrome P450 enzymes, which mediates the related toxic effects of dioxin [3] . Because they do not bind significantly and exert effects through the Ah receptor, DO PCBs may exert their effects independent of the Ah receptor. Future studies will need to address how different mixtures of PCBs, PCDDs, and PCDFs agonize or antagonize the Ah receptor or other possible cytosolic receptors in harbor seals. Contaminant modulation of molecular pathways (i.e., signaling pathways) also needs to be elucidated, such as the alterations by PCBs of calcium-signaling pathways in lymphocytes [34] .
Although our results suggest that certain POPs are associated with in vitro mitogen-induced lymphocyte proliferation, one must be aware of possible mixture interactions (additive, synergistic, antagonistic) with other POPs that were not measured in this study. It is important to realize that, although total PCBs had the highest concentration in the blubber, other factors undoubtedly influenced the proliferative response of lymphocytes in our seals. It is possible that contaminants at lower concentrations (i.e., PCDD/PCDF) may act in synergy to enhance the effects exerted by other contaminants. Studies on mixture interactions [35, 36] will help to elucidate which combinations of contaminants are responsible in immunomodulation, as environmentally relevant exposures occur as mixtures.
In summary, despite limitations imposed by field studies, we found age-independent relationships between contaminant concentrations and immune functions in three-to four-week-old harbor seals. Clearly, our correlations could not identify unequivocally POPs as the underlying cause for changes in harbor seal pup immune function, as other natural and anthropogenic factors, such as disease, body condition, nutritional status, and other contaminants, influence immune functions and could not be assessed fully in our study. The virtual elimination of confounding factors such as age and condition in our study design suggest that contaminants likely explain the observed associations. Although a direct cause-and-effect relationship may never be demonstrated, our results are consistent with the weight-ofevidence available that POPs, and PCBs in particular, are immunomodulatory in marine mammals.
Our results suggest that the threshold for immunomodulatory effects may be considerably lower than previously documented. Although no clinical signs of disease were observed in the animals sampled in this study, it is possible that immunomodulation induced by exposure to environmental contaminants may render free-ranging harbor seals more vulnerable to infection by bacterial or viral pathogens. Overall, our study demonstrated an association between relatively low levels of environmental contaminants and changes in immune functions, which is something that may be relevant at the population level. Our results add to the evidence that PCBs are affecting harbor seals adversely in British Columbia, Canada, and Washington, USA [16] . This information may have important implications for risk assessment, as well as conservation and management strategies in both this region and elsewhere.
